INTRODUCTION
After the discovery and characterization of several pestiviruses, the originating host was used as a criterion to The genus Pestivirus of the family Flaviviridae consists subdivide pestivirus strains. However, so far only CSFV of classical swine fever virus (CSFV), border disease viappears to be restricted to a single host, whereas other rus (BDV), and bovine viral diarrhea virus (BVDV). Gepestiviruses naturally occur in several animal hosts; e.g., nomes of several BVDV and CSFV strains have been BVDV infects cattle, sheep, and swine . sequenced (Renard et al., 1987; Collett et al., 1988; Deng Later, many other methods were explored to subdivide and Brock, 1992; Ishikawa et al., 1995; Meyers et al., pestiviruses. Comparison of the nucleotide sequences 1989; Moormann et al., 1990 Moormann et al., , 1996 . For BDV, only incomof the 5-noncoding region has been used to divide pesplete genomic nucleotide sequences are available tivirus strains into genetic groups (Harasawa, 1994; Vil-(Becher et al., 1994; Sullivan et al., 1994) . The pestivirus cek et al., 1994; Harpin et al., 1995; Hofmann et al., 1994 ; genome is a positive-stranded RNA molecule of about Paton et al., 1995; Pellerin et al., 1994; Wirz et al., 1993) . 12.5 kb containing one large open reading frame. The Antisera raised against pestivirus strains have been used open reading frame is translated into a hypothetical polyto determine four to six neutralization groups (Dekker et protein of approximately 4000 amino acids, which is proal., 1995; Paton et al., 1995) . However, this method may cessed by virus-and cell-encoded proteases. The 5-be problematic, since, due to their close antigenic relatterminal part of the open reading frame encodes one edness, infections with one pestivirus induce varying exnonstructural protein and four structural proteins, the nutents of antibodies cross-reacting with other pestiviruses cleocapsid C, and three envelope glycoproteins, E RNS , (Moennig and Plagemann, 1992) . E1, and E2. The open reading frame is flanked by two Many monoclonal antibodies (MAbs) directed against highly conserved small nontranslated regions, which are pestiviruses have been developed, but relatively few probably involved in the replication of the genome. The strains have been used to raise these MAbs (Peters et 5-noncoding region also plays a role in initiation of transal., 1986; Wensvoort et al., 1986 Wensvoort et al., , 1989b Moennig et al., lation (Poole et al., 1995; Rijnbrand et al., 1997 Rijnbrand et al., ). 1987 Bolin et al., 1988; Caij et al., 1993; Paton et al., 1991 . One group of MAbs binds to highly conserved ond group of MAbs is directed against conserved CSFVplify the E2 gene, RNA was reverse transcribed into cDNA by reverse transcriptase and random hexamers specific epitopes on structural protein E2 . In addition, several CSFV-specific MAbs recaccording to the supplier (Promega) and amplified [polymerase chain reaction (PCR)] according to standard ognize nonconserved epitopes. Many MAbs have been raised against BVDV and BDV, but none of the recognized methods (39 cycles, 94Њ 1 min, 55Њ 1 min, 72Њ 1 min) using a set of primers listed in Table 1 and Taq polymerase epitopes on the structural proteins are absolutely conserved within a particular group of pestiviruses (Paton (Boehringer-Mannheim) or Vent polymerase (Biolabs). Amplified E2 fragments were digested with SpeI and et al., 1995) .
Most MAbs raised against pestiviruses are directed AflII and ligated into a derivative of pPRc34 (van Rijn et al., 1992) . The resulting plasmids were designated against envelope glycoprotein E2 (Wensvoort, 1989a,b; Weiland et al., 1990; Edwards et al., 1991; Weiland et al., pPRKbvd10 to pPRKbvd96 (Table 1) . By the presence of internal SpeI or AflII sites, the amplified fragment was 1992). Epitopes on E2 of CSFV (E2 CSFV ) have been divided into four antigenic domains, domains A-D. Domain A partially digested with the respective enzyme to clone the entire E2 fragment. The 5 half of the E2 gene of strain contains epitopes conserved among CSFV, whereas epitopes of the other domains are not completely conserved 5250 and of CSFV strains 331 and 371 was amplified by a set of primers overlapping the SpeI and the BglII sites. . All domains are located on the Nterminal half of E2, which consists of two independently
The latter site is located in the center of the E2 gene of CSFV strain Brescia (Moormann et al., 1990) . These formed structural antigenic units (van Rijn et al., 1993 (van Rijn et al., , 1994 . The immune response induced by E2
CSFV is protecfragments were cloned by replacement of the SpeI-BglII fragment of pPEh2 (van Rijn et al., 1992) , resulting in tive against CSFV (van Zijl et al., 1991; Hulst et al., 1993; König et al., 1995) . Even more, immunization with deletion plasmids designated pPRKbvd77, pPRvp3, and pPRvp2, respectively. All cloning procedures were carried out es-E2 CSFV proteins containing one structural antigenic unit protects pigs against CSFV (van Rijn et al., 1996) . E2 of sentially as described (Sambrook et al., 1989) . Restriction enzymes and DNA modifying enzymes were used as other pestiviruses has been less extensively studied, but several similarities between E2
CSFV and E2 of BVDV described by the suppliers (Promega and Biolabs). Plasmids were transformed and maintained in Escherichia (E2 BVDV ) suggest a similar overall structure. Cysteine residues and amino acid mutations observed in escape varicoli strain DH5a (Hanahan, 1985) . Plasmid DNA was isolated from overnight cultures and purified by columns ants are located on similar positions in E2 CSFV and E2 BVDV (Paton et al., 1992; van Rijn et al., 1994) . Nonetheless, (QIA-gen). E2 is the most variable gene of pestiviruses. In this paper, Analysis of E2 sequences E2 genes of pestivirus strains from different hosts and of different neutralization groups were investigated, to
The nucleotide sequences of E2 genes were determined by double-stranded DNA sequencing (T7 kit of subdivide the genus Pestivirus.
Pharmacia LKB) or by thermocycle sequencing (Applied MATERIALS AND METHODS Biosystems). Sequencing was performed on at least two Pestivirus strains independently amplified and cloned fragments. Both nucleotide and deduced amino acid sequences were comPestivirus strains 150022, 154985, and 178003 and pared with the PC-GENE program CLUSTAL, GCG PileUp those from deer and giraffe (Plowright, 1969) were proprogram, MacMolly multialignment program, and multivided by Dr. Paton . BDV strain Morecomparison program of Lasergene. Positions shown are dun was kindly provided by Dr. Nettleton (Edinburgh, with respect to the nucleotide and amino acid sequences Scotland). Other pestivirus strains were from the collecof CSFV strain C (Moormann et al., 1996 , EMBL/GenBank tion of ID-DLO in Lelystad. Strain 4800 was isolated from database Accession No. Z46258). The nucleotide sea persistently infected calf in 1993 (Bruschke et al., 1996) . quence data for the E2 genes of the different pestivirus Strain F was isolated from a pig in 1994. BVDV and BDV strains have been deposited in the EMBL/GenBank datastrains were propagated in subconfluent monolayers of base under the following accession numbers: BD112 embryonic bovine tracheal cells, which were incubated (Y12174), 150022 (Y12177), 178003 (Y12164), 4800 for 24 to 96 hr. CSFV strains were propagated in swine (Y12167), cpAppel (Y12176), ncpAppel (Y12175), 1138 kidney cells (SK6-M) (Terpstra, 1989) . Calf serum was (Y12166), Korevaar (Y12165), 5250 (Y12168), strain F routinely collected from specified pathogen-free animals (Y12169), Deer (Y12170), Giraffe (Y12171), 331 (Y12172), and was checked for BVDV and BVDV antibodies.
(Y12173).

Amplification and cloning of E2 genes in a suitable
Transfection and immunoperoxidase monolayer assay expression vector Total cytoplasmic RNA of infected cells was isolated
Transfection of COS1 cells (ATCC) was carried out as described (van Rijn et al., 1994) . After incubation at 37Њ as described by Chomczynski and Sacchi (1987) . To am- for 24 hr, transfected monolayers were washed three and WB214 against strain NADL, MAb WB537 against strain Vosges, MAb CA34 against strain 7443, and MAb times with PBS, dried for 45 min at 37Њ, and frozen at 020Њ for 45 min. Frozen cells were fixed 5 min with 4% CT6 against strain 1138 (Edwards et al., 1988; Bolin et al., 1988) . paraformaldehyde in PBS and washed three times with 0.15% NaCl. Immunostaining of transfected cells [immunoperoxidase monolayer assay (IPMA)] was performed RESULTS essentially as described (Wensvoort et al., 1986) . Binding of nonconjugated MAb was visualized by binding of conCells infected with the selected virus strains were immunostained with pestivirus-specific HIS, which conjugated rabbit anti-mouse antibodies. If no immunostaining was observed, a second staining with swine hyperimfirmed that these virus strains belong to the Pestivirus genus (Table 2) . CSFV-specific MAbs immunostained mune serum (HIS) or with other MAbs and conjugated rabbit anti-mouse antibodies was performed to check cells infected with CSFV strains, whereas cells infected with the other pestiviruses were not detected with these the transfection. HIS was raised in a pig and conjugated with horseradish peroxidase according to standard proMAbs. The reaction pattern with a small panel of MAbs specific for E2 of pestiviruses was unique for each pestcedures. The pig was first immunized with CSFV vaccine strain C, followed by infection with BVDV I strain Boomivirus, demonstrating the antigenic variability of E2 of pestiviruses ( Table 2) . None of the epitopes appeared zaaier (Dekker et al., 1995 confirmed the correctness of the amplification by reverse transcription PCR. The latter was also checked by sequencing of two independently obtained cDNA fragments (see below). In the case of the two exceptions, immunonized strains from the United States and strain 1138 from Europe. In general, the MAbs bound to several virus staining with one MAb was negative for transiently expressed E2, whereas immunostaining of infected cells strains, but none of them recognized all members of a defined neutralization group (Dekker et al., 1995 (Table 2) .
(pPRKbvd59) with MAb 162 was negative, whereas this MAb bound to viral E2
1138
. The transiently expressed hyPestiviruses from different species and of different neutralization groups were selected to study the variabilbrid E2 protein containing the N-terminal half of E2 5250 and the C-terminal half of E2 CSFV was detected by MAb ity of the Pestivirus genus. The E2 genes of these selected pestivirus strains were amplified, cloned, and tran-166, which indicates that the epitope of MAb 166 is located on the N-terminal half of the E2 5250 protein. Cells siently expressed in COS1 cells. Special attention was given to generate primers to amplify (PCR) these E2 expressing hybrid E2 proteins, which contain the antigenic N-terminal half of E2 of strain 331 or 371, were genes. We compared published E2 sequences and found that the signal sequence and a stretch of amino acid immunostained by CSFV-specific MAbs. This indicates that strains 331 and 371 are CSFV strains. residues located upstream of the transmembrane region (TMR) are highly conserved. Despite the high conserva-A minimum of two independently obtained fragments of unpublished E2 genes were sequenced to check ertion of amino acids, it was not possible to generate ''universal'' primers for the amplification of all E2 genes. Nevrors introduced by PCR. If differences were observed between two clones, the consensus sequence was deertheless, with a limited set of primers we amplified E2 genes of many antigenically different pestiviruses (Table  termined by sequencing a third independently obtained cDNA fragment. In the case of published sequences, the 1). All forward primers overlap and contain the SpeI site (positions 2419-2424) located in the region encoding the determined sequence was compared with the published Table 2 ). Originating virus strains are indicated in the last column. Pestivirus strains are divided into groups as in Fig. 2. b Expression of E2 178003 was confirmed by positive immunostaining with MAb 537. All other E2 proteins and strains were not recognized by MAb 537.
c pPRKbvd77 harbors a hybrid E2 gene of the N-terminal half of strain 5250 and the C-terminal half of CSFV strain C. d Expression plasmids harboring E2 genes of CSFV strains Brescia and C have been described (van Rijn et al., 1992) . Plasmids pPRvp2 and pPRvp3 contain the N-terminal half of CSFV strains 371 and 331, respectively. Expression of E2 CSFV proteins was confirmed by positive immunostaining with CSFV specific MAbs.
sequence. The E2 gene of strain Osloss-L is missing E2. In more detail, a deletion of two amino acids between positions 721 and 722 was observed in group BVDV II three thymidine residues in a region of 10 nucleotides, resulting in a deletion of one leucine between amino acid (Fig. 1 , see also Fig. 2 ). In the amino acid sequences of groups BVDV I, BVDV II, Deer and Giraffe an insertion of positions 827 and 828 and three amino acid changes on positions 829-831 compared with the published seone amino acid (valine or isoleucine) between positions 781 and 782 was found with respect to the CSFV and quence (Renard et al., 1987) . The E2 gene of strain Oregon contains one point insertion and one point deletion, BDV groups. The antigenic relationship between pestiviruses was resulting in a frameshift and consequently amino acid changes from 823 to 828. studied by comparison of the amino acid sequences of published E2 proteins and E2 proteins determined in this To study the antigenic variation of pestiviruses based on E2, we compared the deduced amino acid sequences. study, since E2 is immunodominant and the most variable protein of pestiviruses. Amino acid sequences of Since the N-terminal part is the most immunogenic part of the E2 protein (van Rijn et al., 1993) , we focused on entire E2 and N-terminal halves of E2 proteins were compared. Phylogenetic trees on the basis of these comparithe deduced amino acid sequences corresponding to position 690 (the first amino acid of mature E2) to position sons were similar. On the basis of the amino acid sequences of the N-terminal half of E2, the pestivirus genus 865 (Fig. 1) . Compared with CSFV, the E2 protein of other pestiviruses contains two extra cysteine residues at posicould be divided into seven groups (Fig. 2) . Six of these antigenic groups correspond to the neutralization groups tions 748 and 794 (Fig. 1) . In addition to the conserved cysteines, many other amino acid residues are confound by cross-neutralization experiments (Dekker et al., 1995) . The homology between the amino acid sequences served among pestiviruses, and even highly conserved stretches of amino acids were found (Fig. 1) . Besides, within these six antigenic groups is mostly more than 80%, whereas the homology between two different antiseveral insertions or deletions of amino acids were found, which are all located in less conserved regions of genic groups is less than 60%. The seventh group pro-SUBDIVISION OF Pestivirus
FIG. 1.
Comparison of the deduced amino acid sequences of E2 proteins from positions 690 to 865 of the indicated pestiviruses. Pestiviruses are divided into groups as in Fig. 2 . Sequences of underlined pestivirus strains were determined in this study. The positions of amino acid residues are based on those of CSFV strain C (Moormann et al., 1996) . Cysteine residues are indicated by an asterisk above the alignment.
ceeded from subdivision of antigenic group BVDV I into predominantly from cattle. This antigenic group can be divided into two subgroups, BVDV Ia and BVDV Ib. Subsubgroups BVDV Ia and BVDV Ib. The homology between these subgroups is about 70%, which is intermediate group BVDV Ia contains BVDV strains from the United States, such as NADL and Oregon, and some others, between the homology of two different antigenic groups and that of E2 sequences of viruses belonging to the such as 150022 and 1138 from Europe. The second subgroup, BVDV Ib, contains European isolates such as Ossame antigenic group. One antigenic group consists of CSFV strains, including Alfort-187, Alfort-tub (Meyers et loss and several Dutch BVDV isolates from cattle and sheep, such as 4800, Korevaar, Appel, and BD112. Fifth al., 1989), Brescia (Moormann et al., 1990) , C (Moormann et al., 1996) , 331, the recently isolated Dutch CSFV strain and sixth antigenic ''groups'' contain one strain each, one isolated from a deer and one from a giraffe. 371, and a CSFV strain from the United Kingdom (WBCSFV). These strains originate exclusively from pigs.
The genetic relationship between pestiviruses could be made on the basis of the nucleotide sequences of A second antigenic group consists of BDV strains Moredun (Barlow, 1972) and L83 and X818 (Becher et al., the E2 genes. We compared the 5-terminal halves of the E2 genes (Table 4 ). The Pestivirus genus could be di-1994), all isolated from sheep. This BDV group also contains strain F, which was recently isolated from swine in vided into seven genetic groups. Within the groups the homology was more than 75%. The homology between The Netherlands. A third antigenic group, group BVDV II, consists of strain BD78 from sheep (Sullivan et al., 1994) , different genetic groups was 38 to 65% (Table 4 ). The lowest percentage homology was found between BVDV strain 5250 isolated from swine in 1976, and strain 178003 isolated from cattle in 1987 .
II and Deer or CSFV. The most closely related genetic groups were the subgroups BVDV Ia and Ib with a perStrain BD78 is very similar to BVDV type 2 strains Tijssen et al., 1996) , indicating that this centage homology of 65%. The genetic groups were the same as those found by comparison of the amino acid antigenic group also contains isolates associated with severe outbreaks and high mortalities in veal calves (Pelsequences of the N-terminal halves (see Fig. 2 ). However, the relationship between antigenic groups was lerin et al., 1994; Ridpath et al., 1994). The fourth antigenic group, group BVDV I, consists of BVDV strains originating slightly different compared with that of the genetic 1994). This was demonstrated in the case of transiently expressed E2 NADL-L (pPRKbvd10) (Tables 2, 3 ). Comparison of the published (NADL) and determined (NADL-L) E2 sequences revealed that pPRKbvd10 encodes an E2 protein with a D r G mutation, which was at the same position as found in an escape variant of strain NADL [D r N on position 838 of NADL (Paton et al., 1992) ]. Apparently, the D r G mutation in pPRKbvd10 resulted in the negative immunostaining with MAb 214. Most likely, transiently expressed E2 1138 contains a mutated epitope for MAb 162 with respect to the viral-encoded E2 protein. Surprisingly, a second independently obtained E2 gene of strain 1138 codes for the same deduced amino acid sequence (data not shown). Possibly, a selected subpopulation of E2 was amplified, or the correct sequence could be found by sequencing more independently obtained cDNAs of E2
1138 . All other transiently expressed E2 proteins showed similar IPMA results as with viral E2, indicating that these E2 genes were correctly amplified (Tables 2 and 3) .
Six of seven here defined groups match the neutralization groups defined by Dekker et al. (1995) . The subdivision is also observed by the study with MAbs, as indeed is the separate nature of the strains from giraffe and deer. Apparently, these phenotypical properties reflect , 1995) or binding of MAbs . Howand the BVDV I group consists of strains originating predominantly ever, comparison of the nucleotide sequences of the 5-from cattle. This BVDV I group is subdivided into subgroup BVDV Ia containing BVDV strains isolated in the United States, such as like noncoding region also resulted in a subdivision of BVDV NADL or NADL-L (Lelystad) and Oregon or Oregon-L (Lelystad), and I into BVDV Ia and Ib (Pellerin et al., 1994) . Interestingly, some others, such as 150022 from the United Kingdom and 1138 from this subgrouping seems to be correlated to a geographiGermany, and subgroup BVDV Ib containing strain Osloss or Oslosscal separation, although more isolates need to be exam-L (Lelystad) and Dutch strains, such as cpAppel, ncpAppel, BD112, ined to confirm this. Most strains of BVDV Ia have been Korevaar, and 4800. Fifth and sixth ''groups'' consist of one member each: the Deer group with a strain from deer and the Giraffe group isolated in the United States, whereas BVDV Ib consists with the strain from a giraffe.
mainly of strains isolated in continental Europe. This subgrouping, however, is not conclusive. Possibly isolated pestivirus strains, not fitting in the respective subgroup, groups. Remarkably, the Deer group was now positioned could be introduced by contaminated bovine serum between subgroups BVDV Ia and BVDV Ib, and was more batches of animals from another part of the world. This closely related to BVDV Ia (65%) than to BVDV Ib (60%).
assumption is supported by the finding that cell lines of the ATCC collection, human vaccines, and virus stocks DISCUSSION have been contaminated with BVDV in the past (Harasawa and Tomiyama, 1994) . Using the transient expression system as described (van Rijn et al., 1992 (van Rijn et al., , 1993 (van Rijn et al., , 1994 , the origin of cloned E2 Genetic and antigenic relationship is not correlated to host tropism, since groups BVDV I, BVDV II, and BDV genes could easily be checked with a small panel of MAbs (Tables 2, 3 ). The levels of detection of transiently contain viruses isolated from different hosts, including ruminants and swine. Furthermore, virulence is also not expressed E2 CSFV protein and viral E2 CSFV protein have been shown to be similar (van Rijn et al., 1992) . Thus, correlated to this relationship, as the recently isolated high-virulent BVDV type 2 is closely related to the low-PCR errors resulting in changes to essential amino acids of epitopes and in amplification of contaminating nucleic virulent strains 5250 and 178003. Possibly, adaptation after transmission to different hosts and escaping from acids will be detected by the IPMA result (van Rijn et al., different immune systems have enlarged the diversity of Pellerin et al. (1994) . These subgroups demonstrate a genetic homology of 65%, which is comparable to that these pestiviruses.
CSFV is readily distinguishable from other pestiviruses. between Deer and BVDV I. However, on the level of the amino acid sequence the homology between BVDV Ia First, CSFV is restricted to swine, whereas other pestivirus strains have been associated with field infections of differand BVDV Ib is higher than between BVDV I and Deer. So far, BVDV Ia and BVDV Ib cannot be distinguished ent ruminants as well as swine. Second, E2
CSFV contains conserved and CSFV-specific epitopes (Edwards et al., by cross-neutralization experiments and MAb binding. Taken together, we propose to divide genotype BVDV I 1991; Wensvoort 1989b), whereas E2 proteins of other pestiviruses are a diverse group and do not contain coninto subtypes BVDV Ia and BVDV Ib, as this has been proposed for the genotype CSFV by Lowings et al. (1996) . served epitopes. Furthermore, the groups of pestiviruses defined here do not contain conserved and specific epiIn this report, for the first time, E2 genes encompassing pestivirus strains of all known neutralization groups and topes on E2, although it is not excluded that such epitopes exist. Third, CSFV strains can be differentiated from other from different hosts were studied. The investigated pestiviruses were isolated from swine and several ruminants pestiviruses by reverse transcription PCR, which was based on protein-encoding regions of the pestivirus geincluding cattle, sheep, deer, and giraffe. By comparison of the E2 gene, the most variable and immunodominant nome (Katz et al., 1993; Hooft van Iddekinge et al., 1995) . Fourth, pestiviruses contain two protein of pestiviruses, six genotypes of the Pestivirus genus are found. Further, the genotype BVDV I can be extra cysteines in the immunogenic N-terminal half of E2 with respect to CSFV strains (Fig. 1 ). Possibly these two divided into two subtypes, BVDV Ia and BVDV Ib. cysteines drastically affect the overall structure of E2. However, since some amino acid changes in escape vari-ACKNOWLEDGMENTS ants of CSFV and BVDV are located on similar positions, We thank S. Edwards, V. Moennig, and S. Bolin for providing monoa similar overall structure of E2 CSFV and E2 BVDV has been clonal antibodies and P. Nettleton for providing the BDV strain Moredun.
suggested (van Rijn et al., 1994) . 191-199. acid sequences of E2, the percentage homology of the Dekker, A., Wensvoort, G., and Terpstra, C. (1995 Findings of Paton et al. (1995) and Dekker et al. (1995) sequence of a pestivirus genome, noncytopathic bovine viral diarsupport the proposal to define the Deer group as a new rhea virus strain SD-1. BVDV Ia and BVDV Ib, which is supported by the data of
